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nanos and pumilio Are Essential for Dendrite
Morphogenesis in Drosophila Peripheral Neurons
The da neurons [11] have proven to be useful for
studies of dendrite development [12–17]. The 15 da neu-
rons in each hemisegment of larvae fall into four classes,
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Nos and Pum were expressed in all da neurons (Fig-
ures 1A and 1B), as revealed by immunocytochemistry
with antibodies against Nos or Pum in third-instar larvaeSummary
from a transgenic line carrying GFP marker 80G2, which
marks all da neurons [12]. Neuronal expression of nosMuch attention has focused on dendritic translational
was further confirmed with two independent GAL4 driv-regulation of neuronal signaling and plasticity [1, 2].
ers under the control of the nos promoter, P{GAL4-For example, long-term memory in adult Drosophila
nos.NGT}40 [18] and nos-GAL4::VP16 [19]. We observedrequires Pumilio (Pum) [3], an RNA binding protein that
mCD8-GFP immunoreactivity in da neurons (Figure 1C)interacts with the RNA binding protein Nanos (Nos) to
of larvae that carried both P{GAL4-nos.NGT}40 and aform a localized translation repression complex es-
reporter gene, UAS-mCD8-GFP, suggesting that the nossential for anterior-posterior body patterning in early
promoter is active in da neurons. Similar neuron-specificembryogenesis [4]. Whether dendrite morphogenesis
expression was also observed with nos-GAL4::VP16,requires similar translational regulation is unknown.
which was inserted into a different chromosome andHere we report that nos and pum control the elabora-
yielded some segment-to-segment variations in the ex-tion of high-order dendritic branches of class III and
pression pattern.IV, but not class I and II, dendritic arborization (da)
neurons. Analogous to their function in body pat-
terning, nos and pum require each other to control
nos and pum Are Essential for the Morphogenesisdendrite morphogenesis, a process likely to involve
of High-Order Dendritic Branchestranslational regulation of nos itself. The control of
Overexpression of nos-tub3UTR in class III and classdendrite morphogenesis by Nos/Pum, however, does
IV neurons (Figures 2E and 2H), but not class I neuronsnot require hunchback, which is essential for body
(Figure 2B), dramatically changed dendrite morphologypatterning. Interestingly, Nos protein is localized to
compared with the control (Figures 2A, 2D, and 2G),RNA granules in the dendrites of da neurons, raising
in which only the reporter gene UAS-mCD8-GFP wasthe possibility that the Nos/Pum translation repression
overexpressed. In both class III and class IV neurons,complex operates in dendrites. This work serves as an
the number of high-order dendritic branches was signifi-entry point for future studies of dendritic translational
cantly reduced while the morphology of the majorcontrol of dendrite morphogenesis.
branches was not affected. Overexpressing pum caused
a similar change specific to dendrites of class III and IV
Results and Discussion neurons (Figures 2F and 2I). Neither the dendrites of
bipolar neurons nor those of chordotonal neurons were
Expression of Nos and Pum in Dendritic affected by overexpressing nos or pum (data not shown).
Arborization Neurons The loss of function phenotype of nos and pum in
Early in Drosophila embryogenesis, Nos protein is first dendrite morphogenesis was assessed via mosaic anal-
detected in the posterior end of the embryo and then ysis with a repressible cell marker (MARCM) [20]. The
in the pole cells [5], whereas Pum protein is uniformly MARCM system provides an effective way to study ev-
distributed [6]. Characterization of later expression has ery type of PNS neuron, including da neurons, chordoto-
been limited to the ovary for Nos [7] and to the adult nal neurons, bipolar neurons, and external sensory (es)
head for Pum [3, 8]. Several recent findings implicate neurons, with single cell resolution. We could therefore
Nos and Pum in eye development [9], optic nerve devel- determine which of these neurons were affected by nos
opment [10], neuronal excitability [8], and long-term or pum mutation. In addition, by specifically eliminating
memory [3]. To determine whether Nos and Pum regu- nos or pum function in da neurons, we could determine
late dendrite morphogenesis, we examined their expres- whether these genes act cell-autonomously in dendritic
sion and function in the dendritic arborization (da) neu- morphogenesis. As a control, MARCM analysis was per-
rons in the Drosophila peripheral nervous system (PNS). formed with a chromosome carrying an unrelated
transgene.
Loss of nos or pum in class I or II da neurons did not*Correspondence: ynjan@itsa.ucsf.edu
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Figure 1. Expression of Nos and Pum in Dendritic Arborization Neurons of the Dorsal Cluster
(A and B) Third-instar larvae carrying the 80G2 GFP marker for da neurons were stained with anti-Nos (A) or anti-Pum (B). Neurons are marked
by GFP fluorescence (middle panel).
(C) Immunostaining of the reporter mCD8 driven by P{GAL4-nos.NGT}40, a GAL4 driver fused to the nos promoter, reveals the nos expression
pattern. The scale bar represents 20 m.
alter dendrite morphology (data not shown), as as- nos and pum Act Together in Dendrite Morphogenesis
Given the similar dendrite phenotypes of nos and pumsessed from the total length of dendrites (Figure 3H) and
quantitation of dendritic order (Figure 3I). In contrast, mutants, we wondered whether there is a mutual re-
quirement of nos and pum for dendrite morphogenesis,in class III neurons lacking nos or pum function, the
characteristic dendritic spikes were significantly elon- as in embryogenesis [21]. We first tested whether pum
function is required for nos overexpression to eliminategated (Figures 3A, 3B, and 3C), but the order of dendrites
and the length of major dendritic branches (all dendrites high-order dendritic branches in class IV neurons. In-
deed, when nos was overexpressed in a pum null back-except dendritic spikes) were indistinguishable from
those of wild-type neurons. Whereas around 2%–10% ground (Figure 4A, part c), the high-order dendritic
branches were not as drastically reduced as those in theof dendritic spikes of wild-type ddaA neurons are longer
than 10 m, loss of nos or pum function caused about case of nos overexpression in a wild-type background
(Figure 4A, part b). We then reasoned that, if nos and10%–30% of spikes to be longer than 10 m in about
50% of ddaA neurons (Figure 3D). pum require each other in regulating dendrite morpho-
genesis, the dendrite phenotypes of pum, nos doubleClass IV neurons deficient for nos or pum function also
exhibited abnormality in their dendrites. The dendrites mutants should resemble those of single mutants of nos
or pum. We employed MARCM analysis to examine theof wild-type class IV neurons cover the epidermis in a
complete but nonoverlapping fashion and thereby “tile” dendrites of da neurons mutant for both nos and pum.
Eliminating both nos and pum functions in class I dathe body wall [15] (Figure 3E). Incomplete coverage of
the epidermis was observed in 20% of neurons mutant neurons did not result in any defect in dendrite morphol-
ogy (Figures 4B, part a, 3H, and 3I). The number offor nos (3 in 15) (Figure 3F) and about 15% of those
mutant for pum (4 in 26) (Figure 3G) as a result of the long dendritic spikes in class III neurons was increased
(Figure 4B, part b) to a similar extent as in the nosreduction of higher-order branches. Therefore, both nos
and pum are required for the proper morphogenesis of and pum single mutants (Figure 3D). Moreover, we also
observed incomplete innervation of the territory in 18%dendrites, especially the high-order dendritic branches,
in a cell type-specific manner. of neurons mutant for both nos and pum (5 in 28 clones),
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Figure 2. Overexpression of nos and pum
Results in Reduction of High-Order Dendritic
Branches in Class III and IV, but Not Class I,
Dendritic Arborization Neurons
The GAL4/UAS system was used to express
nos or pum along with the reporter UAS-
mCD8-GFP in class I (GAL42–21), III (GAL4109(2)80
or GAL45–78), or IV (GAL44–77) da neurons. To
avoid potential translational repression medi-
ated by the TCE within the 3UTR of nos
mRNA [30], we replaced the nos 3UTR by
-tubulin3UTR sequences [24]. As the con-
trol, UAS-mCD8-GFP alone was overex-
pressed with these GAL4 drivers.
(A–C) Class I da neurons ddaD and ddaE.
ddaE projects lateral dendrites anteriorly,
whereas ddaE projects lateral dendrites pos-
teriorly.
(D–F) Class III da neurons ddaA (highlighted
in red). Without a GAL4 driver specific for
class III neurons, we overexpressed nos-
tub3UTR with a general da neuron driver
GAL4109(2)80 and then ablated the adjacent neu-
rons with laser beams to examine the gain of
function of nos with high resolution (E). In the
control experiment, we used the same driver
to express just the UAS-mCD8-GFP reporter
gene (D). To avoid lethality as a result of ex-
pressing pum with driver GAL4109(2)80, we used
GAL45–78 to drive expression in class I, III, and
IV da neurons without laser ablation of adja-
cent neurons (F). Note that there is a decrease
in the number of dendritic spikes when nos-
tub3UTR or pum is overexpressed in class
III neurons.
(G–I) Class IV da neuron ddaC. Arrows point
to the axons of the da neurons. The scale bar
in (A)–(C) represents 80 m, and that in (D)–(I)
represents 40 m.
an extent similar to that in the single mutant of either hunchback Is Not Required for the Control of Dendrite
Morphogenesis by the Nos/Pum Complexnos (20%) or pum (15%), as a result of reduced numbers
The major target mRNA of the Nos/Pum translationalof high-order branches in class IV neurons (Figure 4B,
repression complex in anterior-posterior body pat-part c). Taken together, these data indicate that nos and
terning is the hb mRNA, which binds to Pum throughpum require each other to regulate dendrite morphol-
the NRE’s in its 3 UTR. A single amino acid change inogy, possibly by forming a protein complex as they do
Pum, Glycine1330 to Aspartate (PumG1330D), renders Pumin embryogenesis.
defective in the suppression of hb translation. However,
PumG1330D still binds RNA and recruits Nos into the Nos/
Pum-Homology Domain Is Sufficient for the Gain Pum/hb mRNA complex. We overexpressed this mutant
of Function of Pumilio pum in class IV da neurons and found that pumG1330D, like
The only domain structure identified so far in Pum pro- wild-type pum, reduced high-order dendritic branches
tein is the so-called “Pumilio-homology domain” (Pum- (Figure 5A). This result suggests that hb is not essential
HD), which consists of eight repeats of 36 amino acids for the Nos/Pum translational control complex to regu-
and is conserved in various species, including humans. late dendrite morphogenesis. Consistent with this find-
Pum-HD is responsible for binding to the nos response ing, immunocytochemistry revealed no Hb protein in
elements (NRE’s) of hb mRNA [9], as well as Nos [22], larval da neurons (data not shown). Moreover, no defect
and is sufficient for Pum function in embryogenesis [9]. in dendrite morphology was observed in any of the four
To investigate whether this RNA binding domain is suffi- classes of da neurons in loss of hb function MARCM
cient for dendrite morphogenesis, we overexpressed clones (Figures 3D, 3H, and 3I). Taken together, these
Pum-HD in class IV da neurons. Overexpression of Pum- observations indicate that the Nos/Pum complex regu-
HD virtually replicated the dendrite phenotype that had lates RNA targets other than hb mRNA in da neurons.
been produced by overexpression of full-length Pum If we are to fully understand the roles of Nos and Pum
(Figure 5A). Therefore, it is likely that the Nos/Pum com- in dendrite morphogenesis, it is crucial to identify the
plex regulates the downstream molecules through the RNA targets of this complex in dendrites. The dendrite
phenotypes described here provide a guide for search-RNA binding domain of Pum.
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Figure 3. Class III and IV Neurons Lacking nos or pum Exhibit Abnormality in Dendrite Morphology
(A–C) Mosaic clones of class III da neuron ddaA. The insets in (A)–(C) show magnified images of parts of the class III neurons with characteristic
dendritic spikes. Note that in nos (B) and pum (C) mutant neurons, many dendritic spikes are longer than those in wild-type neurons (A).
(D) Percentage of dendritic spikes that are longer than 10 m in the class III da neuron ddaA homozygous for control (solid diamond), nos
(solid triangle), pum (solid square), pum nos (empty circle), and hb (empty square). Each symbol represents the percentage in one ddaA
mosaic clone.
(E–G) Mosaic clones of class IV da neuron ddaC. Note that there are areas devoid of ddaC dendrites in the body wall of nos (F) and pum (G)
mutant neurons, whereas this dorsal part of the body wall is covered by the dendrites of wild-type ddaC (E). Cell bodies of the neurons are
marked with gray arrowheads. The scale bar represents 40 m.
(H) Total length of all dendrites of class I (white bars) and II (black bars) and that of the major branches (all dendrites except dendritic spikes)
of class III da neurons (gray bars). Values shown in the graph are mean  standard error of the mean. Numbers of samples (n) are indicated
on top of each bar. There is no significant difference (p  0.05) between major dendritic branches of nos (N), pum (P), pum nos (D), or hb (H)
mutant neurons and control (C) neurons in any of these classes of neurons (Student’s t test)
(I) Numbers of dendritic branches in each order, as revealed by reversed Strahler analysis [15, 31, 32]. Values are mean  standard error.
Data on Class I neurons (white bars) were collected from ddaD and ddaE. Sample size: control (C)  10, nos (N)  17, pum (P)  19, pum
nos (D)  12, and hb (H)  13. Data on class II neurons (black bars) were from ddaB. Sample size: control (C)  3, nos (N)  3, pum (P)  5,
pum nos (D)  0, and hb (H)  2. Data on class III neurons (gray bars) were from ddaA. Sample size: control (C)  6, nos (N)  7, pum (P) 
12, pum nos (D)  5, and hb (H)  3. All of these neurons are in the dorsal cluster. There is no significant difference (p  0.05) between nos,
pum, pum nos, or hb and the control, in dendritic orders in any of the three classes of da neurons, as indicated by the t test.
ing for the RNA targets of the Nos/Pum complex in 1), it was difficult to examine Nos distribution in neuronal
processes situated near muscle. To circumvent thisour ongoing genetic screen for dendrite development.
Moreover, the epitope-tagged Pum RNA binding do- technical problem, we generated a transgene of Nos
fused to an HA-epitope tag at the N terminus and ex-main, which is sufficient for Pum function in dendrites
(Figure 5B), will be a useful tool for biochemically identi- pressed it in da neurons, but not muscles, by using
the GAL4/UAS binary system. HA-Nos is localized tofying the RNA targets.
distinctively punctuate structures in both soma and den-
drites (Figure 5B). These structures are round and uni-Nos Protein Is Localized to RNA Granules
in Dendrites form in size, with a diameter of around 0.3 m, which
is reminiscent of the RNA granules ranging from 0.175–To elucidate the possible site of Nos/Pum action, we
studied the subcellular distribution of Nos. Because the 0.6 m in diameter in mammalian cortical neurons [23].
We then double stained the larval preparation with bothanti-Nos antibody also stains muscle in larvae (Figure
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Figure 4. nos and pum Act Together to Regulate Dendrite Morphogenesis
(A) nos requires pum to regulate dendrite morphogenesis. (a) Control. The reporter gene UAS-mCD8-GFP was expressed in class IV da neuron
ddaC with GAL44–77. (b) UAS-nos tub3UTR was overexpressed in ddaC with GAL44–77. (c) UAS-nos tub3UTR was overexpressed in ddaC in
pumET1/pumET1 larvae.
(B) nos and pum require each other to regulate dendrite morphology. The effects of missing both nos and pum on dendrite morphology was
analyzed with MARCM. (a) class I da neuron ddaE; (b) class III da neuron ddaA; (c) class IV da neuron ddaC. The cell bodies are marked with
arrowheads. The scale bar represents 40 m.
anti-HA antibody and Syto 14, a nucleic acid dye that shown to have little position effect in expression [24].
Overexpression of nos-tub3UTR resulted in reductionpreferentially labels RNA [23], and found that Nos colo-
calizes with RNA granules (Figure 5B). of the amount of high-order dendritic branches, a den-
drite phenotype similar to that produced by GAL44–77
(Figures 5C and 5D). Overexpression of nos-tub:nos2Regulation of nos Function in Dendritic Arborization
with GAL48–123 significantly reduced the severity of theNeurons by a Translational Control Element
phenotype (Figure 5C and 5D), thereby suggesting theEssential for the posteriorly localized translation repres-
presence of a mechanism for translational repressionsion of hb by Nos/Pum complex, translation of Nos itself
of nos in class IV da neurons.is repressed in the anterior of the embryo via a 90 nucleo-
Both nos and pum genes are conserved in varioustide translational control element (TCE) located in the
species, including mammals. Two nos genes have been3 untranslated region (3UTR) of nos mRNA. In a subset
identified in humans [22], and three have been identifiedof Drosophila central neurons, ectopic expression of
in mice [25, 26]. The zygotic nos1 is highly expressednos causes the wing expansion phenotype only upon
in the nervous system but not in developing germ cellsreplacement of the TCE-bearing 3UTR with -tubulin
[25]. It is unclear whether nos2 and 3 are expressed(tub) 3UTR (nos-tub3UTR), thereby removing the TCE-
in the nervous system [26]. There have been no grossdependent translational suppression of the nos trans-
anatomical defects observed in mice deficient for nos1gene [24]. To examine whether a mechanism analogous
[25]. In light of our study, it would be of interest toto that for the translational repression of nos in the em-
conduct a detailed investigation on neuron morphologybryo exists in da neurons, we used a GAL4 driver
with single-cell resolution to ascertain whether these(GAL48–123) to ectopically express nos-tub3UTR mRNA
mice exhibit any defects in dendrite morphology, espe-inserted with the nos TCE (nos-tub:nos2) [24]. The nos-
tub3UTR and nos-tub:nos2 transgenes have been cially of high-order dendritic branches. It is also impor-
nanos and pumilio in Dendrite Morphogenesis
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Figure 5. Mechanism of the Regulation of Dendrite Morphogenesis by the Nos/Pum Complex
(A) The RNA binding and Nos binding domain of Pum (Pum-HD) is sufficient for Pum function. In the control (left panel), only the marker UAS-
mCD8-GFP was expressed in class IV da neuron ddaC with GAL44–77. Overexpression of the Pum homology domain (Pum-HD) was sufficient
to reduce high-order dendritic branches in class IV da neurons (middle panel). Overexpression of PumG1330D, which is incapable of repressing
hb translation, reduced high-order dendritic branches in ddaC (right panel). Compare with Figure 2I.
(B) Localization of Nos in RNA granules. GAL44–77 was used for driving both UAS-HA-nos-tub3UTR and UAS-mCD8-GFP. Larval fillets were
double stained with Syto 14 to reveal RNA granules and with anti-HA antibody to reveal the localization of Nos. Arrowheads indicate the
position of granules that contain both RNA and Nos in dendrites. The soma is marked with an asterisk. The scale bar represents 2 m.
(C) The nos translational control element suppresses the nos overexpression dendrite phenotype. Note that overexpression of nos-tub3UTR
in class IV da neuron ddaC by GAL48–123 resulted in reduction of high-order dendritic branches, and the presence of the nos TCE (UAS-nos-
tub:nos2) significantly reduced the phenotype. The UAS-nos-tub:nos2 line has been previously described [24].
(D) Quantitation of the effects of nos overexpression in the absence (nos-tub3UTR) and presence (nos-tub:nos2) of the TCE. Each bar
represents the total number of branch points of one ddaC neuron in an 8  104 m2 area that covers the entire dendritic tree except for
narrow areas near the segmental borders. Differences due to the presence or absence of TCE was demonstrable when low expression levels
were achieved at 18	C with GAL48–123, rather than GAL44–77, to drive expression in class IV da neurons. The soma of neurons are marked with
arrowheads.
tant to determine whether nos2 and nos3 are expressed control complex, possibly in dendrites. This study could
serve as a starting point for future identification andin the nervous system and if their functions are redun-
dant to those of nos1. Two pum genes, pum1 and pum2, characterization of molecules regulating local transla-
tion in both Drosophila and mammalian dendrites.have been cloned in both mice and humans [22, 27];
both genes are expressed in the brain [27]. It will be
interesting to see whether these genes take on separate Experimental Procedures
or redundant roles in neurodevelopment and long-term
Staining of Larval PNSmemory, both functions of the pum gene in Drosophila.
Third-instar larvae were dissected for fillet preparations. The filletsIn summary, we have shown that nos and pum are
were fixed with 4% formaldehyde/1 PBS, permeabilized with 0.3%
essential for proper dendrite morphogenesis in subsets Triton X-100/1 PBS (wash solution), and then incubated in the
of Drosophila PNS neurons, and we have provided evi- blocking solution (5% normal donkey serum/0.3% Triton X-100/1
PBS). Subsequently, the samples were incubated with the primarydence suggesting that they act by forming a translation
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antibodies at 4	C overnight, extensively washed with the wash solu- GAL45–78, Daniel Cox for GAL42–21 lines, Dr. Haifan Lin for FRT82B
pumET1, Dr. Robin P. Wharton for anti-Nos and anti-Pum antibodies,tion, and then incubated with the fluorophore-crosslinked second-
ary antibodies at 4	C overnight. After extensive washing, the sam- Drs. A. Nakamura and K. Hanyu-Nakamura for anti-Nos antibody,
Dr. C. Alonso for anti-Hunchback antibody, Dr. Ruth Lehmann forples were mounted with DPX mountant (Electron Microscopy
Sciences, PA). The samples were imaged for fluorescence with a pum cDNA, and Dr. Susan Younger for helping with fly genetics.
This work was supported by a National Institutes of Health grantLeica TCS SP2 confocal microscope. The antibodies and dilutions
used in this study were rat anti-Nos (1:100), rabbit anti-Pum (1:400) (NIH 1R01 NS 40929-0) given to Y.N.J., as well as a National Institutes
of Health postdoctoral training grant (T32 NS007-067-24) and a Na-(both were gifts from Dr. R.P. Wharton), rat anti-mCD8 (1:100),
mouse anti-22C10 (1:200-1000), and rat anti-HA (1: 200) (clone 3F10, tional Research Service Award (1 F32 NS46847-01) given to B.Y.
Additionally, E.R.G. is the recipient of a Beckman Young InvestigatorRoche, New Jersey).
For Syto 14 staining, dissected larval fillets were incubated with award. L.Y.J. and Y.N.J. are investigators of the Howard Hughes
Medical Institute.100 nM Syto 14 (Molecular Probes, OR) in 1 PBS at 30	C for 20
min before fixation. After that, the procedure was the same as for
immunostaining, except that 1% BSA, instead of normal donkey
Received: March 24, 2003serum, was used as the blocking reagent. Anti-HA antibody was
Revised: October 15, 2003used for staining HA-Nos-containing granules. For confocal micros-
Accepted: December 30, 2003copy, Syto 14 was excited with a laser with a 488 nm wavelength.
Published: February 17, 2004Adjusting the sampling wavelength to 500–540 nm avoided overlap
with the fluorescent emission of RRX, the fluorophore for the anti-
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